The vast and previously unrecognized diversity of the microbial world discovered during the last decade reflects the rapid progress made in the development of molecular techniques for direct characterization of environmental systems. Among techniques now commonly employed, recovery of 16S rRNA sequences by using standard methods of PCR amplification, cloning, and sequencing has provided the most encompassing perspectives of microbial diversity (8) . However, such descriptions of diversity have been accompanied by modest progress in characterizing the spatial and temporal patterns of abundance and activity of microorganisms. Thus, future advances will likely be technology driven and dependent upon new methods for both extensive and intensive monitoring of population abundance, distribution, and activity (22) . In this regard, we anticipate that high-throughput DNA microarrays, which provide for parallel hybridizations to hundreds or thousands of genes per single experiment, will play a major role in the study of environmental systems (9, 11, 20, 27) .
The major advantages of the microarray format are a lowsample-size requirement and the possibility for characterizing environmental nucleic acid pools without the biases associated with PCR and other amplification techniques. The level of sensitivity is particularly relevant to the development of this technology, since many molecular detection methods currently rely upon amplification to detect target sequences (12, 16) . Amplification, however, often introduces biases that make quantification of natural populations difficult (5, 21, 24, 26) .
The ability to detect target rRNA sequences without amplification (i.e., direct profiling of rRNA sequences) would greatly improve our capacity to determine the relative number of sequences representing natural microbial populations. In our present work, we demonstrate the direct profiling of environmental microbial populations by hybridization of native rRNA recovered from two different sediment samples to a microarray designed to identify major microbial groups (PhyloChip).
The level of probe and hybridization specificity is also important to the development of DNA microarray technology, since probes targeting certain groups differ by as little as a single base pair. For example, probe BET42a (L-Sc-bProt-1027-a-A-17), which targets the ␤ subclass of Proteobacteria, and probe GAM42a (L-Sc-gProt-1027-a-A-17), which targets the ␥ subclass of Proteobacteria, differ by a single T or A nucleotide ( Table 1) . The position and type (i.e., nucleotide) of a single-base-pair mismatch in a probe-target duplex (in addition to hybridization and wash conditions) have significant effects on hybridization specificity (25) . Hence, it is necessary to recognize when a high level of discrimination is not feasible and to acknowledge instances when the identification of a particular target sequence was not achieved. This includes recognizing detection limits and/or the extent to which nucleic acid cross-hybridization compromises our ability to adequately distinguish target from nontarget sequences.
In conventional hybridization assays, the level of specificity is typically determined by adjusting the experimental conditions (e.g., temperature, ionic strength, and concentration of formamide) of association (i.e., hybridization) and the subsequent dissociation (i.e., washing or melting) of the probe-target duplex (28) . In DNA microarray assays, however, this approach is difficult to apply since one set of conditions does not provide optimal target discrimination for all probes. Ideally, hybridization would be interrogated by using the association or dissociation condition that provides appropriate specificity for each probe. To this end, we have previously demonstrated that a thermal dissociation analysis of all probe hybrids, conducted in parallel on a single microarray, could be used to achieve higher discrimination between matched and mismatched probe-target duplexes and to provide a measure of the extent of cross-hybridization (13, 25) . In the present study, we incorporated a thermal dissociation step in the characterization of native environmental rRNAs, demonstrating a format suitable both for direct detection and for confirmation that appropriate target sequence specificity has been realized.
Rationale for probe design. Twenty-one oligonucleotide probes were used in this study (Table 1) . Each probe targeted a given group or subgroup, was not complementary to any nontarget rRNA sequence in the ARB software (http://www .mikro.biologie.tu-muenchen.de) or GenBank database, and had a low number of self-complementarities (Ͻ4 nucleotides) as determined by online analysis of the Probe_Match program in the Ribosomal Database Project II (14) . The positions of single-base-pair mismatches in nontarget sequences were designed to be not less than 2 bases from the 5Ј or 3Ј termini (25) . To facilitate the correct interpretation of hybridization patterns on the microarray and to ensure probe fidelity, replicate and redundant probes were incorporated. While replicate probes served as internal hybridization controls, redundant and hierarchically nested probes served to confirm identification (13) . Identification of a specific target molecule can be confirmed from the hybridization patterns of redundant probes that hybridize to multiple unique sites in rRNA. The hierarchical nesting of the probes provides phylogenetic information at several levels of taxonomic specificity (e.g., from domain to species) as well as information on hybridization specificity, since hybridization to multiple probes provides additional coverage of a single molecule. Lastly, since the secondary structures of probes and target sequences affect signal intensity, some redundant probes were designed to hybridize to different sites of the same rRNA molecule while maintaining taxonomic specificity (e.g., GPOS1192 and GPOS1199).
Sampling and RNA extraction. Sediment cores (6.5-cm diameter) were collected during low tide from a high-salinity (20 ppt) site and a low-salinity (0 ppt) site in Plum Island Sound, Mass., in April 2001. Sediment samples at the high-salinity site consisted almost exclusively of sand, while those collected at the low-salinity site consisted primarily of silt and clay (10) . Cores were kept in the dark and transported at the in situ water temperature to the laboratory where the top 0.5 cm was collected, homogenized, and stored at Ϫ80°C until processing.
Total RNA was extracted from approximately 0.5 g of sediment by bead beating (two times for 30 s each), phenolchloroform extraction, and isopropanol precipitation as previously described (23) . Replicate extracts from the high-salinity site (n ϭ 4) and the low-salinity site (n ϭ 3) were analyzed.
Fragmentation and labeling of rRNAs. The RNA was fragmented and labeled simultaneously by using a silica-based column as previously described, with slight modifications (4). The silica matrix material was suspended twice with 500 l of the binding buffer containing 50 g of total RNA and centrifuged at 14,000 ϫ g for 30 s. The column was washed twice with 70% ethanol, followed by a second wash using 100% ethanol, and air dried. The silica column containing bound RNA was sealed and incubated at 95°C for 4 min. Freshly prepared labeling GAT GAT GAT GAT GAT GA cocktail (150 l) containing 5 mM 1,10-phenanthroline, 0.5 mM CuSO 4 , 1 mM lissamine-rhodamine B ethylenediamine (Molecular Probes, Inc., Eugene, Oreg.), and 20 mM sodium phosphate (pH 7.0) was heated at 95°C for 30 s. Hydrogen peroxide (2 mM) and freshly prepared 20 mM NaCNBH 3 were added to the cocktail, and the mixture was added to the column. After incubation of the mixture for 10 min at 95°C, the reaction was stopped by adding 9 l of 500 mM EDTA (pH 8.0). Fragmented nucleic acids were immobilized on the column by adding 15 l of 5 M ammonium acetate and 450 l of 100% (vol/vol) ethanol followed by a 5-min incubation at room temperature. Excess fluorescent label was removed by washing the column twice with 500 l of 100% (vol/vol) ethanol. The column was then dried with forced air, and the labeled product was eluted with 45 to 60 l of diethyl pyrocarbonate-treated water.
Microarray fabrication and hybridization. The DNA microarray was fabricated as previously described (25) , with each gel pad containing a total of 3 pmol of probe. Hybridization buffer (40% formamide, 0.9 M NaCl, 20 mM Tris-HCl [pH 8.0]) containing approximately 2 g of labeled RNA in 40 l of buffer was passed through a 0.22-m-pore-size filter to remove any particles that may damage the gel pads. The hybridization solution was added to a hybridization chamber (Grace Biolabs, Bend, Oreg.), and the hybridization chamber was affixed to a microarray. The microarray was then allowed to hybridize overnight at room temperature (20°C in the dark). After hybridization, the chamber and hybridization solution were removed and the microarray was washed twice for 10 s with 100 l of washing buffer (20 mM Tris-HCl [pH 8.0], 5 mM EDTA, 4 mM NaCl). Analyses of images and thermal dissociation curves (i.e., melting profiles) were carried out as previously described (25) .
Direct profiling of environmental rRNAs. We achieved direct profiling of sediment microbial populations by hybridizing rRNA extracted from estuarine sediment samples to the microarray (Fig. 1) . The profiles of sediment samples were reproducible and distinctly different between the sites (Fig. 2) . The signal intensities of replicated bacterial domain probe EUB927 were not significantly different from one another (Student's t test), indicating that identical probes located at different positions on the microarray yielded identical results ( Fig. 1 and 2) .
On the other hand, the signal intensities of some redundant probes varied significantly for samples collected within the same field site. For example, in the low-salinity samples (Fig.  2B) , probe UNIV907 had significantly lower (P Ͻ 0.02 for both quadrants A and B [Student's t test]; n ϭ 3) signal intensities than probe UNIV1390. However, this within-site variation was not observed for the same probes hybridized to the high-salinity samples (Fig. 2A) . Within-site variation was also observed for other redundant probes hybridized to rRNA extracted from high-salinity samples ( Fig. 2A) . For example, results obtained for probe EUB336 ( Fig. 2A ) yielded significantly lower (P Ͻ 0.03 for quadrant A and P Ͻ 0.01 for quadrant B [Student's t test]; n ϭ 4) signal intensities than probes EUB927 and EUB338. Yet, there were no statistical differences among signal intensities for the same probes when using rRNA extracted from low-salinity samples (Fig. 2B) . Site-specific differences in signal intensities originating from redundant probes might be Table 1 .
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HYBRIDIZATION OF ENVIRONMENTAL rRNA TO MICROARRAYS 2379 due to subtle differences in fragmentation and/or fluorescent labeling of the target sequences (4). However, we anticipate that more-significant differences originate from minor sequence variation within the relatively highly conserved regions of the rRNAs targeted by these probes. Clearly, more-extensive experiments (beyond the scope of this study) are needed to reveal the source of sample-specific variability within redundant probe sets. Nonetheless, the results demonstrated that oligonucleotide microarrays can be used to (i) detect rRNA extracted from 0.5 g of sediment and (ii) provide information on the composition of microbial communities at different levels of taxonomic specificity. Table 1 . Each probe was spotted in duplicate on the microarray. Error bars indicate the standard deviations from the means of quadruplicate (high-salinity site) or triplicate (low-salinity site) experiments. Experimental error represents the variability obtained using two different microarrays and rRNA extracted, fragmented, and labeled from one low-salinity-site or two high-salinity-site sediment samples. A.U., arbitrary units.
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Melting profiles were used to evaluate the specificity of hybridization of environmentally derived rRNA to specific probes. We accomplished this by comparing the melting profiles of probe-target duplexes using rRNA extracted from pure cultures with those obtained from environmental samples. Figure 3 shows the melting profiles of universal probe UNIV1390 to (i) a perfect-match target sequence (Sulfobacillus acidophilus ATCC700253) and (ii) rRNA extracted from sediment collected at the high-salinity site. The melting profiles were virtually identical, demonstrating that environmentally derived rRNA included perfect-match target sequences to this probe. Similar results were also obtained for probes EUB338 and EUB927 (data not shown).
In the case of probe ALF968 (S-Sc-aProt-0968-a-A-18), tar- geting the ␣ subclass of Proteobacteria (Fig. 4) , there were considerable differences in melting profiles of rRNA extracted from sediment samples and those of perfect-match rRNA extracted from a pure culture of Sulfobacillus acidophilus. Apparently, the melting profile of the environmentally derived rRNA was more similar to that of rRNA extracted from a pure culture, Brevibacillus agri ATCC51663, which had a singlebase-pair mismatch to probe ALF968. These results indicate that a significant fraction of the environmentally derived rRNA had at least one single-base-pair mismatch to probe ALF968. The advantage of comparing melting profiles of probe-target duplexes rather than comparing signal intensities at a single wash temperature of 20°C is that melting profiles provide more information on hybridization specificity. Moreover, since the relative abundances of target and closely related nontarget molecules in the environment are not known, it is difficult to determine the extent of cross-hybridization events from signal intensity data alone. However, the incorporation of meltingprofile measurements in the oligonucleotide microarray analysis serves to identify circumstances when cross-hybridization clouds our ability to accurately discriminate target from nontarget sequences.
In summary, oligonucleotide microarrays were used to profile directly extracted rRNA from environmental microbial populations without PCR amplification. Recently, Small et al. (20) described a microarray system capable of detecting 0.5 g of total rRNA by using a chaperone-detector probe strategy. This detection limit was in the level of PCR detection limits applied to environmental systems (10 9 to 10 10 copies of 16S rRNA) and similar to the sensitivity we report here. The results achieved by Small et al. (20) were obtained by mixing purified reference nucleic acids with environmental extracts. Our study now demonstrates the feasibility of directly characterizing native rRNA. In our initial inspection of two distinct estuarine study sites, hybridization patterns were reproducible and varied between estuarine sediments of differing salinities. The incorporation of a melting-profile analysis for each probe duplex provided information on hybridization specificity, which is essential for confirming adequate discrimination between target and nontarget sequences.
